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Abstract
Slope stability of steep rock walls in glacierised and permafrost-affected high-mountain regions is influenced by a 
number of different factors and processes. For an integral assessment of slope stability, a better understanding of the 
predisposing factors is particularly important, especially in view of rapid climate-related changes. This study introduces 
a methodical design that includes suitable methods and techniques for investigations of different predisposing factors 
in high-mountain rock walls. Current state-of-the-art techniques are reviewed, and their potential application for in 
situ and remote studies is assessed. A comprehensive array of analyses and modeling tools is presented, including data-
acquisition methods and subsequent stability analyses. Based on two case studies of recent slope instabilities in the 
European Alps, the effective application and coupling of measurements, analyses, and modeling methods are shown. 
Keywords: climatic change; high-mountain rock walls; investigation techniques; predisposing factors; slope stability.
Introduction
Hazards related to rockfall, rock avalanches and combined 
rock/ice avalanches from steep glacierised and permafrost-
affected rock walls pose a significant threat to people and 
infrastructure in high mountain regions. Due to ongoing cli-
matic change, a widespread reduction in stability of former-
ly glacierised and perennially frozen slopes might occur and 
result in a shift of hazard zones (Haeberli et al. 1997, Harris 
et al. 2001, Fischer et al. 2006). A major problem is the pos-
sible increase in magnitude and frequency of slope failures.
Slope stability of steep rock walls in glacierised and 
permafrost-affected high-mountain regions is influenced by 
a number of different factors such as topography, geological 
and geomechanical characteristics, hydrology as well as 
glaciation, permafrost distribution, and thermal condition. 
Gradual or abrupt changes in one or more of these factors 
may reduce the slope stability and eventually lead to a 
rockfall event. Among these factors, permafrost and glaciers 
are particularly prone to rapid changes in relation to ongoing 
climate change. Although these two factors are, together with 
the hydrological regime, assigned a likely important role in 
current and future slope destabilization, the effects are not 
clearly understood. A better understanding of the factors and 
mechanisms determining the slope stability of steep rock 
walls is thus a key factor and needs basic research. 
The complexity of slope stability problems requires a 
number of different investigation and modeling techniques 
to consider the relevant physical processes and factors. 
However, high-mountain rock walls are an extremely 
challenging environment for currently existing technology 
and related investigations for a number of reasons. Often, 
the hazard source areas are situated in remote high-mountain 
regions and the on-site access to steep rock walls is mostly 
very difficult or prohibitively dangerous due to existing 
slope instabilities. Furthermore, the steepness complicates 
applications of airborne investigation techniques.
This article provides a review of current local-scale 
investigation techniques and introduces a multidisciplinary 
methodical design for comprehensive, stability-directed 
investigations of predisposing factors in steep, high-
mountain rock walls which adequately considers the 
particular difficulties of steep and partly inaccessible 
ground conditions, based on a combination of on-site and 
remote methods. The design presented here does not claim 
to provide a complete approach; rather it bases itself on 
investigation techniques and analyses that were applied and 
tested within past and ongoing projects. Also, the rapidly 
advancing technology may require extension and adaptation 
of the design in the future.
Factors Influencing Slope Stability
Predisposing and triggering factors can be distinguished 
with respect to slope stability of rock walls. In the following, 
a short definition of the two different types of factors is given. 
Proposed methodical design for slope stability assessment is 
mainly focused on the investigation of predisposing factors; 
analyses of triggering factors usually require permanent 
monitoring methods.
Predisposing factors are physically measurable processes 
and parameters that permanently affect stress and strain 
fields in a flank, also in the stable state. They can be broadly 
categorized in topographical, geomorphological, geological, 
hydrological, and several other physically-based factors. 
In high-mountain areas, permafrost and glaciers are two 
additional important factors (Fig. 1).
Triggering factors can vary in time, space, and magnitude 
and eventually provoke slope failure. They include, for 
example, earthquakes, rainfall and snowmelt events that can 
result in increased water pressure, and rather seldom in high-
mountain areas, human interactions.
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Predisposing factors have complex interactions among 
themselves that influence slope stability (Fig. 1). Topography 
is a fundamental parameter for slope stability. Slope angle 
and morphology are important factors for the occurrence 
and spatial distribution of slope instabilities due to their 
strong influence on stress and strain fields within a flank. 
Topography is closely connected to the geological setting 
and the geomorphological history of a rock wall (erosion, 
glacial overburden), which, in turn, also effectively influence 
the geomechanical setting.
The geological setting is determined by the lithology and 
the geotechnical properties of the rock mass. The geological 
structures, i.e. discontinuities such as joints, bedding planes, 
schistosity, and fault zones are fundamental for slope stabil-
ity, especially their geometrical and geotechnical character-
istics. The shear strength as a major parameter for stability is 
directly related to the geotechnical properties such as cohe-
sion, friction angle, aperture, infilling, and weathering. 
Permafrost occurrence in a rock wall can strongly influence 
the geotechnical parameters of discontinuities, depending 
on ice content and temperature. The shear strength of ice-
bonded discontinuities is strongly affected by the thermal 
regime in the sub-surface and may be reduced by a rise in 
temperature or finally the melting of ice-filled rock joints 
(Davies et al. 2001, Gruber & Haeberli 2007, Harris et 
al. 2001). This, in turn, also influences the hydrological 
regime, and may, for instance, result in an increase of the 
water pressure. The hydraulic setting in a steep rock wall 
is closely connected to the topography, geological setting, 
geomechanical characteristics, glaciation, and permafrost 
occurrence. Changes in water table and water pressure may 
significantly change the shear strength of the rock mass and 
therefore exert a strong influence on the slope stability.
Glacier ice may influence slopes differently. Hanging 
glaciers may have an impact on the thermal, hydraulic, 
and hydrologic regime in adjacent areas (Haeberli et al. 
1997). The erosion by and retreat and down-waste of valley 
glaciers, in turn, may induce long-term change in the stress 
field inside the rock wall (Wegmann et al. 1998, Eberhardt 
et al. 2004). 
Among the factors outlined in Figure 1, glaciation and 
permafrost are presently those subject to the most direct 
and rapid changes due to climatic change. Changes in these 
parameters can significantly influence other factors such as 
hydrology, geomechanical and geotechnical properties in 
particular. The response of steep high-mountain rock walls 
to changes in these predisposing factors is, at the same time, 
strongly conditioned by the topography and the geological 
setting, in particular by the geometrical and geotechnical 
characteristics of discontinuities (Ballantyne 2002).
Investigation Techniques and Methodology
Data acquisition
In this section, current state-of-the-art techniques for the 
investigation of the predisposing factors are illustrated, while 
in the following section subsequent analyses and processing 
methods are described (Fig. 2).
In situ field investigations are useful to obtain detailed data. 
Traditional geological in situ field studies are necessary to 
achieve data on geological and geomechanical characteristics 
of the rock mass. The lithological and geomorphological 
setting as well as geological structures can be mapped, and a 
preliminary assessment of the intact rock mass properties can 
be achieved, for example, using the Schmidt hammer method 
(Aydin & Basu 2005). The geomechanical and geotechnical 
properties of discontinuities can be assessed by measuring 
parameters such as orientation, frequency, spacing, aperture, 
and surface characteristics based on the application of 
rock mass classification systems (Hack 2002, Hoek & 
Brown 1997, Wyllie & Mah 2004). In case of inaccessible 
ground conditions, these types of investigations can also be 
conducted in the surrounding area with similar lithological 
and geomechanical settings. Limited observations of the 
hydrological regime can also be done in situ and from 
photographs; for instance, observations of water inflow or 
outflow in a mountain flank. 
Point measurements of near-surface rock temperatures 
using temperature loggers installed a few cm to dm below 
the surface can constrain permafrost distribution and the 
prevailing thermal regime (Gruber et al. 2003). Nearby 
boreholes equipped with temperature loggers give an 
indication of temperature distribution at depth.
Geophysical techniques are powerful methods for the 
investigation of subsurface characteristics, but in steep rock 
walls difficult and complex in their application and therefore 
rarely exploited until now. Georadar, electrical resistivity 
tomography, and refraction seismic can be applied for the 
determination of subsurface structures and the distinction 
between frozen and thawing rock sections (Hauck et al. 
2004, Heincke 2005, Krautblatter & Hauck 2007). 
Remote sensing-based techniques are crucial due to the 
inaccessibility of wide areas of high-mountain walls.
Terrestrial and aerial imagery can be used for identifying 
Figure 1. Predisposing factors influence the slope stability and have 
complex interactions among themselves which are represented by 
arrows.
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geological structures and surface changes with respect to 
ice cover and topography. Aerial photography can also be 
used for the generation of digital elevation models (DEMs), 
the measurement of terrain displacements and for detailed 
interpretations (Baltsavias et al. 2001). In some specific 
studies, terrestrial photography was used for identifying 
changes with respect to ice cover and slope instabilities on 
steep ice faces (Fischer et al. 2006, Kääb et al. 2005). These 
studies have shown the considerable potential of such image 
analyses which should be further exploited. Automatic 
cameras are a commonly applied tool for monitoring acute 
slope instabilities.
Airborne and terrestrial laser scanning (LiDAR) is a 
rapidly emerging and highly promising tool for acquiring 
very high-resolution DEMs for high-mountain areas, 
and thus for detecting small-scale topographic structures 
(Baltsavias et al. 2001, Janeras et al. 2004). Laser scanning 
applications from helicopter allow perpendicular recording 
of LiDAR data and simultaneous acquisition of digital 
photographs with little geometric distortion (Skaloud et al. 
2005). Repeated measurements are the basis for deriving 
topographic changes. Ground-based synthetic aperture radar 
(SAR) technology is a capable tool for slope deformation 
studies (Atzeni et al. 2001, Singhroy & Molch 2004).
Analyses and modeling 
Lithological and geomorphological data can be displayed 
on a map in a GIS for further applications or comparison with 
other parameters. The geomechanical and geotechnical data 
measured during fieldwork typically have to be processed 
to get required parameters for stability modeling by using 
empirical criteria and rock mass classification systems (Hack 
2002, Hoek & Brown 1997) or with adequate laboratory 
tests. Geomechanical data such as the orientation of 
discontinuities can be displayed in stereographic projections 
and may be applied subsequently for kinematic analyses, 
limit equilibrium analyses, and numerical modeling (Stead 
et al. 2006).
For the modeling of permafrost distribution a number of 
models with varying levels of sophistication and at different 
spatio-temporal scales have been developed (Hoelzle et al. 
2001, Gruber et al. 2003). The three-dimensional temperature 
distribution and its evolution with climatic change is an 
important component for rock slope stability considerations 
and has been assessed using numerical modeling by coupling 
a surface energy balance model with a subsurface heat 
conduction scheme (Noetzli et al. 2007). A modeling scheme 
that would directly include modeled permafrost distribution 
within slope stability models has yet to be developed, but it 
can be considered for the model assumptions. 
Geophysical investigations can mainly be used as boundary 
conditions and reference values either for permafrost 
modeling or for analyses of the subsurface structures. 
The most common application of remotely sensed image 
data consists of the interpretation and classification of the 
image content. Terrestrial and aerial imagery can be used 
for the identification and mapping of different surface 
features in steep rock walls and also their temporal changes. 
Digital aerial as well as terrestrial photos have considerable 
potential for quantitative analyses of geomorphic structures 
and changes in a rock wall by georeferencing or matching 
images based on a high-resolution DEM or photogrammetric 
techniques (Roncella et al. 2005). 
DEMs represent the core of any morphometric investi-
gation of predisposing factors. They can be obtained from 
stereo aerial and high-resolution terrestrial photos but also 
from LiDAR data (Kääb et al. 2005). From these DEMs, 
topographic parameters, large-scale morphotectonic features, 
Figure 2. Methodical design for the assessment of slope stability in high-mountain areas containing different insitu and remote sensing-based 
methods. The upper part shows techniques for the data collection, the lower part processing and analyses of acquired data.
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and geological structures can be extracted. A promising, yet 
not fully exploited method is the coupling of laser scanning 
data with photogrammetric analyses and terrestrial imagery 
analyses to extract important topographic and structural-
geological parameters from DEMs. Main discontinuity sets 
can be distinguished and their geometrical pattern deter-
mined. Therefore, a preliminary assessment of potentially 
unstable areas may be performed based on geomechanical 
parameters with limit equilibrium and kinematic analyses 
using the data from in situ measurements or even only based 
on DEM analyses (Derron et al. 2005, Stead et al. 2001). 
Further structural and stability analysis with a DEM is made 
possible by the recent development of geologically oriented 
GIS tools (Günther 2003, Jaboyedoff et al. 2004). 
For more complex slope stability assessments numerical 
methods are required. Numerical techniques used for rock 
slope analyses are generally divided into continuum and 
discontinuum approaches, or when combined, hybrid ap-
proaches (Barla & Barla 2001, Eberhardt et al. 2004, Stead 
et al. 2001, Stead et al. 2006). Numerical modeling is in fact 
a powerful tool for the assessment of failure mechanisms, 
but the level of topographic and geotechnical detail needed 
can limit the application. 
Case Studies
Tschierva rock avalanche event
The Tschierva rock avalanche occurred on October 19, 
1988, from the western flank of Piz Morteratsch (3751 m 
a.s.l., in the Engadin, Switzerland) on Tschierva glacier with 
an estimated volume of approximately 0.3x106 m3 (Fig. 3). 
For the re-analyses of the Tschierva rock avalanche, 
detailed numerical slope stability modeling was proposed. 
Therefore, in situ fieldwork and subsequent geotechnical and 
morphometric analyses have been done to obtain required 
accurate data (Fischer et al. 2007). The steps described here 
generally follow the scheme from Figure 2.
The in situ field observations included:
• Preliminary analyses of rock mass properties (lithology, 
discontinuities, fault zones, water occurrence).
• Characterization of discontinuities (discontinuity sets, 
orientation, density, condition, aperture, filling).
• Surveying of detachment zone and adjacent area with 
manual rangefinder.
Subsequent complementary analyses included:
• Geotechnical and geomechanical analyses by using field 
data, stereographic plots, and empirical criterions.
• Photogrammetric analyses of aerial images for the 
evaluation of topographic changes.
• Analyses of aerial and terrestrial photos for detecting 
geological structures and water occurrence.
• Modeling of permafrost distribution.
• Reconstruction of glacier extents based on satellite images 
and historical topographic maps.
Numerical slope stability modeling was then performed 
with the 2-D distinct-element method model UDEC (by Itasca) 
to examine the possible failure mechanisms. Modeling of the 
unloading of the Pleistocene glacial overburden showed that 
subsequent redistribution of stress and strain fields in the 
flank had a strongly controlling influence on the geometry of 
the detachment zone. A sensitivity analysis of geotechnical 
parameters showed that the cohesion of the discontinuities 
was a fundamental parameter. The stability modeling for dry 
conditions also revealed that the failure mechanism was a 
combination of shear failure along preexisting discontinuities 
and development of brittle fractures propagation through the 
intact rock mass. 
Coupled hydro-mechanical modeling demonstrated that 
slope stability was very sensitive to changes in water pressure. 
The existing fault zone crossing the rock slope induced an 
elevated water inflow due to the higher permeability and 
might therefore be, together with the long-lasting effects of 
ice unloading, a main factor for the slope instability. 
Figure 3. The western flank of the Piz Morteratsch with the 
Tschierva glacier in the foreground. Visible in the middle of the 
photo is the detachment zone of the 1988 rockfall and the deposits 
on the glacier (photo by A. Amstutz, 1988).
Figure 4. The Monte Rosa east face with the Belvedere glacier in 
the foreground (photo by L. Fischer, 2004). The detachment zone 
of the ice avalanche (2005) is marked with a black circle, the one 
of the rock avalanche (2007) in white. 
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Instabilities in the Monte Rosa east face
The Monte Rosa east face, Italian Alps, is one of the high-
est flanks in the Alps (2200–4600 m a.s.l.). Steep hanging 
glaciers and permafrost cover large parts of the wall (Fig. 4). 
Since the end of the Little Ice Age (~1850), hanging glaciers 
and firn fields have retreated continuously. During recent 
decades, the glaciers of the Monte Rosa east face experi-
enced an accelerated and drastic loss. Some glaciers have 
completely disappeared. New slope instabilities and detach-
ment zones developed and resulted in enhanced rockfall and 
debris flow activity (Kääb et al. 2004, Fischer et al. 2006). In 
August 2005, an ice avalanche with a volume of more than 
1x106 m3 occurred, and in April 2007, a rock avalanche of 
about 0.3x106 m3 detached from the upper part of the flank.
The main focus of the investigations of the Monte Rosa 
east face was the assessment of the influence of glacier retreat 
and permafrost degradation on the current and possible future 
rockfall and ice avalanche activity (Fischer et al. 2006). 
During field studies, the following data were compiled:
• Detailed geological and geomorphological mapping.
• Current glacier extents. 
• Detailed map of the current detachment zones of mass 
movement activities.
Due to difficult and dangerous in situ access, this 
information was collected from distant ground-based and 
air-borne observations.
Further analyses included:
• Modeling of the permafrost distribution.
• Reconstruction of glacier extents since the early 20th 
century based on orthophotos and terrestrial photos.
The results were compiled in a GIS, and the overlay of 
each investigated factor revealed spatial as well as temporal 
linkages between investigated processes and their influence 
on the formation of new detachment zones.
The most important findings were that most detachment 
zones in the Monte Rosa east face are located in areas where 
surface ice has recently disappeared. In addition, many de-
tachment zones are located at the altitude of the lower bound-
ary of the estimated permafrost distribution, where presum-
ably warm and degrading permafrost exists. A striking result 
is also that many detachment zones are situated in transition 
zones between orthogneiss and paragneiss. These findings 
demonstrate that the formation of detachment zones mostly 
seems to be caused by a combination of different factors.
Conclusion and Perspectives
The investigation of slope stability in steep, high-alpine 
rock walls is a major challenge, chiefly due to the difficulties 
in data acquisition and the complexity of the factors and 
processes influencing slope stability. In each case, the 
proceeding has to be adapted, and different methodologies 
have to be applied concerning the possibilities of data 
acquisition and the required stability modeling method. 
The case study of the Tschierva rockfall shows that 
the appropriate method combination, including classic 
geological field investigation techniques, terrestrial and 
aerial image analyses, and permafrost modeling, allows the 
performance of detailed numerical slope stability modeling 
and the evaluation of possible failure mechanisms.
The much larger Monte Rosa east face, with surface and 
subsurface ice subject to extremely fast changes, represents 
the most challenging high-mountain conditions and required 
a more remote-based approach. However, local field surveys 
could be integrated for a comprehensive spatial and temporal 
analysis of predisposing factors and their interaction.
In the future, measurement, analytical, and modeling tools 
will be further advanced. For instance, ground-based SAR 
and helicopter-based LiDAR have only very recently been 
applied on large high-mountain walls and should be further 
developed. Advances are also expected with regard to a 
more comprehensive integration of high-technology data 
into slope stability assessment methods.
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